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The capacity to launch a strong shock wave in a compressed target in the presence of large preplasma

has been investigated experimentally and numerically in a planar geometry. The experiment was

performed on the LULI 2000 laser facility using one laser beam to compress the target and a second

to launch the strong shock simulating the intensity spike in the shock ignition scheme. Thanks to a large

set of diagnostics, it has been possible to compare accurately experimental results with 2D numerical

simulations. A good agreement has been observed even if a more detailed study of the laser-plasma

interaction for the spike is necessary in order to confirm that this scheme is a possible alternative for

inertial confinement fusion.
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Shock ignition (SI), a new approach to inertial confine-
ment fusion (ICF) proposed by Betti et al. [1], is being
studied as an alternative option for achieving high target
gains for inertial fusion energy in the direct drive scheme.
This option is now under investigation for the NIF [2], LMJ
[3], and HiPER projects [4,5], but preliminary studies are
needed to validate the main physics issues. In conventional
ICF targets operating under direct or indirect drive, the
laser must impart a high velocity to the imploding shell to
create the central ignition hot spot at stagnation. In shock
ignition, fuel compression and ignition are separated. The
idea is to compress the target at low velocity and low
isentropic fuel assembly and then to trigger a final ‘‘spark’’
to ignite the compressed fuel by a strong convergent shock
launched with a high intensity spike. More precisely, at the
end of the shell implosion, final compression is obtained
after the outward return shock, coming from the target
center, collides with the inward strong shock. The collision
of the two shocks results in the formation of a dense, high-
pressure region that compresses the hot spot and boosts it
up to ignition conditions. In both approaches (classical ICF
and SI), control of shock timing and shock coalescence is
crucial and has to be demonstrated. It requires experimen-
tal studies, as it has been done in the past [6–8] and more
recently during the indirect drive ignition campaign at the
NIF [9]. Because the implosion velocity is significantly
less than the one required for hot spot ignition, consider-
ably more fuel mass can be assembled for the same shell
kinetic energy. Thus, like ‘‘fast ignition’’ [10] where the
final spark is provided by fast electrons generated by ultra-
high intensity laser beam, ‘‘shock ignition’’ has the poten-
tial for high gains at low drive energy. The power required
to launch the ignition shock lies in the 200–300 TW range.
Although this power has already been achieved on NIF
[11], the associated damage to focusing optics will be a

challenge at the much higher repetition rate planned for
future facilities such as HIPER or inertial fusion energy
reactors.
As shock ignition is a new scheme, more and more

numerical simulations [1–3,12,13] were widely performed
recently. However, only very few experiments have been
conducted, in particular, to study, at the same time, the
laser-plasma interaction and the shock propagation. A
recent experiment performed at the OMEGA laser facility
[14] has demonstrated that a properly timed final shock
enhances the neutron yield by a factor of 4.
Main issues in the shock ignition context focus on the

capacity to launch a high-pressure shock in large coronal
plasma and on laser-plasma instabilities (LPI) (stimulated
Brillouin and Raman scatterings, SBS and SRS, respec-
tively, two-plasmon decay, TPD) which lead to detrimental
effects at high laser intensities (> 1015 W=cm2). These
effects are essentially energy losses for SBS and SRS and
fast electron production for SRS and TPD, leading to fuel
preheat. Nevertheless, it is important to note that in the SI
scheme these suprathermal electrons are generated in the
late phase of implosion where they could be absorbed by
the dense imploding shell, thus enhancing shock drive
performance [2,15,16].
The experiment, performed at LULI in a planar geome-

try, addressed these issues: the level of parametric insta-
bilities and a complete description and measurement of the
spike shock. The large number of diagnostics turned out to
be particularly useful for accurate comparison with nu-
merical simulations and to constraint them, giving confi-
dence in more complex cases where the implementation of
diagnostics is more difficult. The experiment was per-
formed at the LULI2000 laser facility with two kJ ns beams
almost collinearly. A first beam, denoted as the compres-
sion beam, generates both the first shock into the target and
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the large coronal plasma; the second one corresponds to the
spike beam. The two beams have the same laser character-
istics, i.e., 2 ns square pulse duration at 2! (0:53 �m).
They are focused with f=8 lenses but with two different
focal spots in order to reach higher intensities for the spike:
400 �m top hat diameter (by using hybrid phase plate) for
the compression beam and 100 �m diameter for the spike
yielding estimated intensities�7� 1013 W=cm2 and up to
1015 W=cm2, respectively. The spike beam is delayed
regarding to the compression beam, from 1 to 2 ns, in
order to study the influence of laser-plasma interaction
on the coalescence shocks with respect to the delay. The
referenced time (t0) corresponds to the start of the com-
pression beam.

The target was designed with the help of 1D numerical
simulations performed with the CHIC code [17]. A sche-
matic drawing of the target is presented in the inset of
Fig. 1. It consists of a 50 �m plastic (CH) ablator (on the
laser side) to absorb the incident laser and to reduce the x-
ray production that might preheat the target. Adjoined CH,
a 10 �m Ti layer blocks x rays from the front side of the
plasma but it is also used as a fluorescence layer to diag-
nose fast electrons via K� emission. The third part of the
target consists of a 250 �m �-quartz window to observe
the shock velocity histories. In order to minimize ghost
reflections, the free surface of the quartz is antireflection
coated.

A large set of diagnostics has been implemented to
estimate, simultaneously, the backscattered energy of the
spike (time-resolved reflectivities for SRS and SBS and
time-resolved spectrum for SBS only), the time-resolved
shock velocities from VISAR (velocity interferometer sys-
tem for any reflector) [18] and time-resolved self-emission.
A Bragg crystal spectrometer used in a von Hamos con-
figuration has been implemented to record the Ti� K�
emission generated by fast electrons. In order to get an
absolute timing for accurate comparison between experi-
ment and simulations, an optical fiducial synchronized
with the laser beam has been added on two streak cameras.
Two VISARs with different velocity sensitivities have been
used to discriminate the 2� phase-shift ambiguity of the
discontinuity of the shock velocity at Ti-quartz interface.

Etalons of 2.06 and 0.86 mm have been used, giving
velocity sensitivities of 15.66 and 37:51 �m=ns=fringe,
respectively. The self-emission from the shock front
is detected with a streak camera imaging the rear side
of the target coupled with a bandpass filter at
450 nm� 20 nm. Figure 1 shows a schematic setup with
the implemented diagnostics.
As previously mentioned, the parametric instabilities

driven by the spike as it propagates through the corona
have been analyzed in this experiment. Time-resolved SBS
and SRS reflectivities have been measured within the
focalization cone (f=8) for each shot. Figure 2 represents
the reflectivities as a function of the delay between the two
beams.
Figure 2 shows that the SBS reflectivities are confined

between 7% and 11%, while the SRS reflectivities are
below 5%, giving a total reflectivity between 10% and
15%. The total reflectivity has small variations with respect
to the pulse delay, and thus to the plasma density scale
length. If we consider the numerical simulations performed
with the 2D hydrodynamics code FCI2 [19], we can obtain
the evolution of electron density during the spike interac-
tion. In particular, the simulation shows a steepening of the
density profile at the quarter critical density, which is
important for the TPD instability: the density scale length
is reduced from 200 �m at the beginning of the spike to
10–20 �m at the end. These relatively low reflectivities
highlight the complexity of the interaction, particularly the
laser-plasma coupling which is very sensitive to the non-
linear effects. However, this study is beyond the scope of
the present Letter.
A typical VISAR image, recorded for a 1.7 ns delay

between the two beams, is displayed in Fig. 3; the time
goes down and we can see the fiducial on the right. Three
characteristic events are observable: (A) corresponds to the
compression shock breakout at the Ti-SiO2 interface and
(B) to the coalescence with the strong shock launched by

FIG. 1 (color online). Experimental setup. CB corresponds to
the compression beam, and S-E to the self-emission diagnostic.
A schematic drawing of the target is represented in the circle.
The corresponding layer thicknesses are 50 �m for CH, 10 �m
for Ti, and 250 �m for SiO2.

FIG. 2 (color online). Reflectivities in percent of the spike
beam within the focalization cone as a function of the delay
between the two beams; diamond for SBS, dot for SRS, and
square for total reflectivity.

PRL 108, 195002 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
11 MAY 2012

195002-2



the spike beam. The merged shock propagates faster. The
third event (C) is not obvious but it can be interpreted
thanks to the simulations as discussed further down. From
the VISAR data, it is possible to deduce both pressure and
temperature of these different events using tabulated
Sesame equation-of-state (EOS) [20] and recent works
on quartz material [21,22]. We measure a shock velocity
of 25 km=s for the shock breakout (A) and 30 km=s for the
shock coalescence (B) corresponding to temperature of
ð4:9� 1Þ eV and ð7:3� 1Þ eV, respectively, according to
Sesame EOS and velocity error bars. From SE diagnostic
(note shown), temperature after the coalescence can also be
deduced experimentally, but only relative to the first shock
as we did not perform an absolute calibration of this
diagnostic [23]. We found a coalescence temperature of
7.9 eV, in agreement with the value deduced from mea-
sured shock velocity. These data have been compared with
numerical simulations performed with the FCI2 code. After
the shock breakout of the first beam, the simulation pre-
dicts a temperature of 5.9 eV and after the coalescence, a
temperature of 8.5 eV. These values are within errors of the
experimental data.

Concerning the results obtained from the x-ray diagnos-
tic, results are limited to the hot electrons able to reach the
Ti layer and to excite K�. The K� signal was found to be
always below the noise level, which gives an upper limit
for the hot electron generation. The spectrometer effi-
ciency and the detector sensitivity were characterized
with a calibration shot on Ti using known conversion
efficiencies [24]. From the cross section for K-shell ion-
ization of Ti [25], this gives an upper limit of 5� 1012 for
the number of electrons above 60 keV (energy loss in the
plastic, ionization energy), corresponding to less than 10�4

of the laser energy. This estimation, giving low energy for
hot electrons, is consistent with the relatively weak value
of SRS reflectivity.

For what concerns the VISAR, the data have been
directly compared with the 2D Lagrangian radiation-
hydrodynamic simulations from FCI2 code. So, the 2D
effects arising from the small focal spot size of the spike

beam have been carefully considered. In order to take into
account as best as possible the experimental conditions,
shots with only one beam (either the compression beam or
the spike beam) have been performed. These data from the
VISAR and the SE diagnostics obtained with good spatial
and temporal resolutions have been used to deduce a
realistic spatial distribution in energy. This input parame-
ter, as well as the actual temporal pulse profile, are useful
to constraint the simulations. Moreover, the energy loss
due to backscattering instabilities is also taken into
account.
Figure 4 shows the pressure map as a function of time

and space obtained from the 2D simulations for a 1.7 ns
delay, corresponding to the data presenting in Fig. 3.
The first shock can be followed from the top side
(P � 10 Mbars) until it breaks out in the quartz. Above
1 Mbar pressure, the shock becomes reflecting and thus
observable by the VISAR. This is the first event (A). The
second shock (P � 40 Mbars in CH) can be followed too,
but only when it catches up with the first shock. This is the
second event (B). The pressure of the spike is found to be

FIG. 3 (color online). VISAR image recorded for a 1.7 ns delay between the two beams (left) and the corresponding shock velocity
profile (right). Time goes down. (A) shock breakout of the first beam, (B) coalescence of the two shocks, (C) coalescence between the
shock and the compression wave.

FIG. 4. Pressure (Mbars) as a function of time (in ns) and
space (in �m) (Lagrangian coordinates). The three events, shock
breakout (A) coalescence of the two shocks (B), and coalescence
with the compression wave (C) are observable. Laser beams
irradiate the target on the top side of the figure.
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lower than the pressure ablation given by the usual formula
[26], which considers the absorbed energy; indeed, our
simulations provide a total absorption of the spike of
60%–65%. This highlights the laser-plasma coupling
efficiency. The third event (C) occurs when the shock
wave is caught up with a compression wave generated in
CH after the end of the first pulse while the spike power is
still maintained. Indeed, the drop of the first pulse gener-
ates an inward rarefaction wave, which propagates behind
the first shock. Behind this rarefaction wave, and because
the spike still continues, compression waves are launched.
Some of them are accelerated by rarefaction waves coming
outward from inside the target. They propagate inside the
materials and, finally, catch up with the shock. The third
event (C) observed in the experiment is the coalescence of
one of these compression waves and the shock wave.

Table I summarizes these results for a delay between the
two beams of 1.7 ns, corresponding to the Fig. 3. Table I
shows a good agreement concerning the time of the break-
out shock and the coalescence, as well as for the velocity of
these two events. The sensitivity of the numerical results
with the incident energy has been considered by taking into
account a variation of �15% of the spike energy (the
maximal measured value of scattering losses). The coales-
cence time is modified within �100 ps, which is of the
order of the experimental error bars.

It is also then interesting to report on the other shots for
which the time delay between the two beams has been
systematically varied. The results summarized on Fig. 5,

are plotted together with the numerical predictions. Let us
point out the following remarks. First, the trends for the
three events are similar both in experiment and simula-
tions. Second, the shock breakout timing (A) is constant for
this range of delay, from 1 to 2 ns. As expected, the first
shock is not impacted by the interaction of the spike beam.
For short delays, the shock coalescence happens before the
shock breakout, meaning that the coalescence occurs in the
CH or Ti layer, which is not visible from the diagnostics.
As the time delay between the two beams increases, the
coalescence time occurs much later. This would mean that
the velocity of the spike shock decreases with the delay,
i.e., as a function of interaction conditions, and/or the
velocity of the spike shock decays more rapidly than the
first shock velocity. This is in qualitative agreement with
the shock geometry: contrary to the first beam focused with
a large focal spot giving a planar shock, the second one,
due to the small focal spot is sensitive to the 2D effects. It
leads to a spherical shock, where energy spreads rapidly
inside dense matter, involving deceleration. The third
event, the coalescence between compression and shock
waves, is mainly correlated to the first beam, so it becomes
nearly insensitive to the delay. Figure 5 shows that our
experimental data and simulations correctly reproduce this
trend. However, a significant discrepancy for the absolute
timing is observed. Note that this third event depends on
the spike pulse duration, which is here 2 ns. Indeed,
according to calculations, the spike pulse duration has
been varied and it appears that the third event does not
occur for duration less than 500 ps, which is about the
duration considered in the shock ignition design for NIF or
LMJ [2,3]. Furthermore, the total time width of all com-
pression waves, which finally catch up with the first two
shocks, is large (� 1:5 ns), giving the coalescence time
difficult to measure. This third event is specific to this
experiment and does not occur in shock ignition target.
In conclusion, the capacity of launching a strong shock

wave in a compressed target in the presence of a large
preplasma has been demonstrated in planar geometry. An
accurate comparison between experimental results and 2D
numerical simulations has been possible thanks to a lot of
shots by varying the delay between the two beams.
Backscattered energy due to SBS and SRS has been mea-
sured, yielding a moderate reflectivity less than 15%. The
measured shock breakout and coalescence times agree with
simulations within experimental accuracy, confirming that
laser coupling for shock wave generation at intensities

TABLE I. Comparison of data obtained from experiment and 2D hydrodynamic code for the shock breakout of the first beam (A) and
for the coalescence (B). The delay between the two beams is 1.7 ns. t0 corresponds to the beginning of the compression beam.

Time=t0 experiment

(ns)

Time=t0 hydrodynamic code

(ns)

Speed experiment

(km=s)
Speed hydrodynamic code

(km=s)

(A) 2:08� 0:05 2.0 25� 2 25

(B) 2:9� 0:1 2.8 30� 2 31

FIG. 5 (color online). Times relative to t0 (beginning of the
compression beam) of the three events as a function of the delay
between the two beams obtained in experiment (solid marks) and
from 2D simulations (lines).
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relevant to shock ignition (1015 W=cm2) is appropriately
predicted by simulations. Nevertheless, a special effort to
diagnose more precisely the laser-plasma interaction for
the high intensity beam as well as a full study on the fast
electron generation should be planned in future experiment
in order to confirm that shock ignition is a possible ICF
alternative scheme.

We acknowledge W. Theobald for fruitful discussions.
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